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Abstract

electricity consumption in 2010.

sources.

Background: Due to a rapid urbanization process in the Metropolitan Region of Santiago de Chile (MRS), the
amount of municipal solid waste (MSW) generated has increased considerably within the last years. MSW should be
managed properly in order to achieve sustainable development. The purpose of this study is to analyze MSW
management in MRS on the basis of three different explorative scenarios for the year 2030.

Methods: The Integrative Sustainability Concept of the Helmholtz Association provided a conceptual framework for
the study and was used to evaluate the scenarios. One important topic within the field of management of MSW in
the year 2030 will be the contribution of waste treatment technologies to energy production, e.g., by the use of
landfill gas and by separated collection of biowaste followed by anaerobic treatment.

Results: The largest sustainability deficits in the scenarios are the small proportion of MSW being pre-treated before
final disposal and the greenhouse gas (GHG) emissions associated with MSW disposal. MSW management
technologies taken into consideration were mechanical biological treatment, energy recovery from MSW in
anaerobic digestion plants with biogas production, the production of refuse-derived fuel and its use as a secondary
fuel, as well as electricity generation from landfill gas. Energy generation from MSW in 2030 will be about 6% of

Conclusions: The three scenarios show some sustainability deficits. Even so, there are some improvements such as
the reduction of GHG emissions and - even though marginal - energy supply for MRS from renewable energy

Keywords: Waste management, Scenarios, Sustainability, Megacities, Energy from waste

Background

Adequate management of municipal solid waste (MSW)
is essential for the health of urban residents, for the pro-
tection of the environment and the conservation of
resources, and therefore for the sustainability of any city.
In its widest sense, the activities associated with the
management of MSW include waste handling, collection
and transport, treatment, recovery of materials and en-
ergy, and final disposal (Figure 1). In most developed
countries, each of these stages, mainly due to legal regu-
lations, occurs as part of the system.
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In Germany, the amount of waste disposed of has been
reduced considerably within the last years due to the fact
that since 2005 the landfilling of untreated waste is no
longer allowed. Instead, mechanical, biological, and/or
thermal treatment measures have to be carried out be-
fore final disposal. This is the result of a planned waste
management strategy initiated by the Government more
than 20 years ago [2], of which the fundamental objec-
tives are (a) the reduction of waste generation, (b) the
prohibition of uncontrolled discarding, discharge, and
disposal of waste, and (c) the promotion of integrated
waste management systems following the steps: avoid-
ance, recycling, and conversion of waste with a prefer-
ence to material and energy recovery [2].
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Figure 1 Stages in the solid waste management process (adapted from [1]).

The regulations governing waste management in
Germany have led to a reduction of waste produced
in recent years, decoupling economic development and
waste production, in addition to a reduction of green-
house gas emissions associated with MSW management.
Currently, more than 60% of MSW is recovered; if energy
recovery processes are included, the figure rises to around
95% [3]. Moreover, the increase in waste recovery is
reflected in savings of fossil fuels such as oil, gas, and
coal. Electricity production in Germany in 2011 ac-
counted for 615 TWh. The share of renewable ene-
rgies was 20%, with 7.6% coming from wind power,
3.2% from hydropower, 3.1% from photovoltaic, and 6%
from different kinds of biomass, which includes a share
of 0.8% coming from energetic utilization of waste [4].
Electricity generation from the use of landfill gas in 2011
was less than 0.1% [5].

In most Latin American countries, the MSW manage-
ment system is in the best case limited to handling at
the source, collection, and disposal at landfills without
any pre-treatment [6]. Energy recovery from MSW in
Latin America is almost nonexistent. To date, the costs
of incineration are far too high for local governments to
consider it as an appropriate solid waste management
technology [6]. There have been a few experiences with
anaerobic digestion in Colombia and Costa Rica [7] but
mainly for the treatment of wastewater from agricultural
residues. There are some examples where mechanical
biological treatment (MBT) has been applied success-
fully in Latin America, including experiences in Mexico,
Brazil, and Chile [8-10]. In most of these cases, the in-
formal waste pickers are the moving power in salvaging
recyclable materials.

The Metropolitan Region of Santiago de Chile (MRS)
is a typical Latin American megacity, showing popula-
tion growth over the last years as well as a rising stand-
ard of living, associated with an increase of the gross

domestic product (GDP) from US$10,000 to US$14,000
per capita in about 10 years. As a consequence, the
amount of MSW produced also increased significantly.
The high population density and good infrastructure
allow for a very effective waste collection system,
whereby nearly 100% of the households have access to
collection services. Approximately 90% of the MSW
generated is deposited in sanitary landfills. Due to par-
ticular characteristics of waste management in low- and
middle-income countries [11,12], most of the recycling
market is dominated by the informal waste economy,
constituted by primary collectors and middlemen [13].

Moreover, the urbanization process in MRS has also
increased its energy demand. Electricity supply for MRS
is highly dependent from electricity production outside
MRS [14], and only about 25% of its demand is pro-
duced by power plants within the city. Electricity con-
sumption in 2010 was about 17 TWh; 50% of the
production in MRS came from different hydropower
plants, and the other half from a combined cycle gas
power station. Energy recovery from MSW in MRS from
captured landfill gas is so far only realized in the Central
Loma Los Colorados I station with an installed capacity
of 2 MW. Within the planned phase II, the capacity will
be extended to 14 MW, and an additional expansion to
reach 28 MW is planned for the year 2024 [15].

According to [16], each region should determine how
much it is able to spend in MSW management in order
to design its management system according to its eco-
nomical capacity considering at the same time the pres-
ervation of human health, conservation of resources,
and the environment. Germany and Chile differ largely
in their GDP, and the German solid waste management
system is highly advanced compared with the Chilean
one.

Summarizing, although health and environmental pro-
blems arising from inadequate MSW management are



Gonzadlez Martinez et al. Energy, Sustainability and Society 2012, 2:24
http://www.energsustainsoc.com/content/2/1/24

well known, Chile, as well as most Latin American coun-
tries, has not set enough value into adequate MSW
management [17] nor has the development of services
related to waste management and its energy recovery
received sufficient attention. Against this background, it
seems to be a big challenge to find sustainable solutions
to handle the large amounts of MSW generated. This
article firstly presents the evaluation of different prac-
tices of treatment, recovery, and disposal of MSW for
Santiago de Chile for three different scenarios for the
year 2030 based on the Integrative Sustainability Con-
cept of the Helmholtz Association. Based on this back-
ground, the following research questions arise:

1. For the evaluation and comparison of different MSW
management systems, the Integrative Helmholtz
Sustainability Concept (IHSC) was applied. How can
this concept be contextualized to the field of MSW
management, what are the most relevant
sustainability indicators applicable to this field, and
what are their appropriate target values?

2. What are possible development paths of MSW
management in MRS for the next 20 years?

3. What technical options could improve the
sustainability (e.g., in terms of GHG emissions and
substitution of fossil fuels) of the MSW management
system?

Methods

In order to describe and evaluate the current and the fu-
ture MSW management system in MRS, the methodo-
logical approach was divided into five subsections,
starting with a description of the sustainability evalu-
ation, which includes an introduction into the IHSC and
its application to the field of MSW management. Sec-
ondly, the setup of explorative scenarios is explained, in
addition to a description of the relevant characteristics
for MSW management of the Business as Usual (BAU),
Collective Responsibility (CR), and Market Individualism
(MI) scenarios. After these more theoretical explana-
tions, the calculation procedure for waste generation in
the three scenarios (“Waste generation’ section) as well
as the procedure for the selection of MSW management
technologies (‘Selection of MSW management technolo-
gies for the different scenarios’ section) is presented.
Based on this background information, possible energy
production from MSW management in the three scenar-
ios was calculated (‘Calculation of energy production
from MSW’ section).

Sustainability evaluation
Within the Risk Habitat Megacity Project® [14], which
had been accomplished in the years 2007 to 2010 and
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which had been supported by the ‘Initiative and Net-
working Fund’ of the Helmholtz Association [17,18], the
IHSC was chosen as an appropriate tool for the com-
parison and evaluation of different technological devel-
opment pathways, and the IHSC was also assigned to
the field of management of MSW. Contrary to most sus-
tainability concepts, the basic idea here is to avoid defin-
ing sustainable development along ‘classic’ economic,
ecological, and social lines. Instead, the IHSC begins
with the constitutive elements of the sustainability over-
all concept, derived from key documents such as the
Brundtland Report, the Rio Declaration, and Agenda 21:
(a) the postulate of inter- and intragenerational justice,
(b) the global perspective, and (c) the anthropocentric
view [19-22], that are translated into three general goals:
to secure human existence, maintain society's productive
potential, and preserve society's options for development
and action. These goals are further concretized by a
set of sustainability rules, such as the satisfaction of
basic needs, equal access to education and information,
the ability to provide for oneself, the sustainable use of
renewable and nonrenewable resources, an adequate de-
velopment of human and knowledge capital, mainten-
ance of social resources, or the preservation of cultural
heritage and cultural diversity. These rules constitute the
core element of this concept. They describe guiding
principles for action, defining a priori universally valid
minimum requirements for a global sustainable develop-
ment. Hence, they serve as basic orientation for future
development and provide a comprehensive set of evalua-
tion criteria (relating to countries, cities, societal sectors,
strategies, and innovations). These general sustainability
rules can be further concretized by sustainability indica-
tors that are specific for the relevant application. A sche-
matic representation of the architecture of the IHSC is
shown in Figure 2.

The procedure to apply the IHSC included the follow-
ing steps:

1. Selection of indicators of sustainability, following the
following criteria:

(a) Validity: indicators should properly reflect how
the sustainability of MSW management is affected
by changes in indicator values.

(b) Data availability: information should be available
in a time series if possible and access to these
data should be feasible.

(c) Feasibility to define quantitative goals: this allows
to evaluate if the targets have been achieved or
not.

(d) Indicators should be easy to understand, even by

people or working groups not associated with the
field.
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Figure 2 Architecture of the IHSC (adapted from [19]).
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2. Selection of target values for selected indicators:
after having selected a set of indicators as explained
before, it is necessary to set favored target values.
To select these values, a hierarchical approach was
followed:

(a) Consideration of the existing Chilean framework,
with respect to targets already set.

(b) For those indicators that the Chilean framework
did not provide targets for, debates with scientists,
politicians, public authorities, waste pickers, and
other stakeholders were carried out.

(c) Finally, data from literature research regarding
values established and achieved, at the
international level, were used as references for
target definition.

3. Identification of sustainability deficits: a comparison
between the current indicator values and the favored
target values (as explained in step 2) allowed
identification of deficits threatening sustainability. The
values of indicators for the current situation were
determined in a previous work [23].

Table 1 shows the most relevant indicators, which have
been selected on the basis of the criteria mentioned above.

The future explorative scenarios of MSW management
are evaluated following the methodology explained in
the ‘Sustainability evaluation” section. The development
of explorative scenarios is explained in the next
subsection.

Explorative scenarios

One important question is how the management of
MSW generated will look like in the future. If it is pos-
sible to have a look into the future, will it be possible to
take actions today in order to improve that future? The
scenario technique is a key concept for this type of pro-
spective analysis, describing events and trends as they
may evolve. This technique helps to support decision
makers and policy makers to establish strategies for al-
ternative futures [25]. Within the Risk Habitat Megacity
Project, three explorative framework scenarios had been
developed for the MRS: BAU, CR, and ML These frame-
work scenarios served as a basis for the establishment
of specific scenarios in the field of MSW management
in MRS. The framework scenarios are characterized
by different driving forces for future development; as
a consequence, the three scenarios, at the most gen-
eral level, show differences in economic development
(e.g., the increase of the GDP), institutional framework/
governance (e.g., market or state influence), demographics

Table 1 Selected indicators to evaluate MSW management in Santiago de Chile (adapted from [24])

Waste management guideline

Indicator

Maintaining the regeneration capacity of natural systems

Frugal use of renewable and nonrenewable resources

Organization of the waste management system at justifiable overall
economic costs for a fairer development

Quantity of pre-treated mixed waste to reduce biodegradable content, in
relation to total mixed waste (%)

Greenhouse gas emissions associated with MSW management (kg CO,eq
person” year ')

Waste fraction recovered as material or energy (%)
Fraction of gross domestic product spent on MSW management (%)

Income level of informal workers in relation to minimum wage (%)
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(e.g., population development), technological development
(e.g., which technology), societal value system, and education.

The BAU scenario is characterized by a consuming
culture. Environmental laws are weak and flexible. The
political aim is to achieve waste recovery targets by im-
proving recycling and biological treatment. New, tougher
climate change mitigation policies push for the use of
landfill gas as a renewable energy source. Technological
advances encourage the application of alternative treat-
ment technologies for the biogenic fraction of the resi-
dues. Technology developments have improved the
efficiency of landfill gas collection, contributing to an
increase in the share of renewable energies in the
electricity network. With help of the civil society and
nongovernmental organizations (NGOs), new recycling
programs with participation of the waste pickers are deve-
loped. However, the informal waste sector is only partially
integrated into the formal waste system.

The CR scenario is characterized by high emphasis on
social values. Environmental laws and targets are estab-
lished. Waste recovery targets are achieved by improving
recycling and biological treatment and increasing the
amount of waste pre-treated. New, tougher climate
change mitigation policies have promoted the collection
and use of landfill gas as a renewable energy source.

The influence of NGOs on waste management is rele-
vant, in particular promoting recycling, source separ-
ation, and recognition of the informal sector. The
organization and efficiency of the informal sector has
improved noticeably. Community organizations play an
important role in the collection of recyclables. The
amount of people working in the informal sector has
decreased in number due to poverty reduction. However,
the quality of their work has increased. They have
formed strong alliances and engage in collection of seg-
regated materials and further processing in stock centers.

The MI scenario is characterized by a consuming cul-
ture. Environmental laws are weak and flexible and are
influenced by private interests and markets. The driving
factor to recover valuable materials and energy from
waste is given only by the economical profit.

Publicly organized recycling systems, including bio-
logical treatment, are almost nonexistent. Recycling
takes place only voluntarily by drop-off systems. The
role of the public sector in recycling is inexistent, and
they do not have any interest in working together with
the informal sector. Private production companies might
show some interest in working together with the infor-
mal sector as a way to recover secondary raw materials
at low costs.

The final definition of the MSW management scenar-
ios was carried out in close cooperation with Chilean
investigators, consultants, and government experts in
order to develop technically and economically feasible
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alternatives for the city for the year 2030. In order to
completely operationalize the explorative scenarios, it is
necessary to determine the amount of waste generated
as well as the treatment technologies to be used. The
methods used for this are explained in the following
subsections.

Waste generation

BAU scenario

The GDP of a country strongly correlates to its eco-
nomic prosperity, i.e., the standard of living of its popu-
lation. A higher standard of living gives rise to higher
consumption of products and goods and hence to an in-
crease in waste production. As a consequence, there is a
correlation between the GDP and the amount of waste
produced [2]. The approach used in this research
assumes that total MSW production up to now is the
sum of waste landfilled and waste recovered because so
far there is no waste treatment in MRS. Data for the
MSW disposed of and MSW recycled and thus also data
for the total production of waste were available for the
years 1995 to 2007 [26,27]. From these data, the follow-
ing correlations between GDP (based on purchasing
power parity per capita) and amount of MSW produc-
tion were derived and applied for MSW production until
the year 2030, taking into consideration the development
of the GDP given in the framework scenarios:

Mgau = Mrpau + Mgr-pau, (1)

Mipay = 0.0294 x GDP36%7 (2)

Mz _pau = 2.6473 x 1075 x GDP — 0.1908, (3)
where

e Mgy is the flux of MSW in the BAU scenario
(kg-person™" day ™).

o Mipay is the flux of MSW landfilled (kg-person™"
day™).

e GDP is the gross domestic product ($,009 person”
year ™).

e Mg pay is the flux of MSW recovered (kg~person’1
day™).

1

CR and Ml scenarios

A literature research allowed the identification of vari-
ables, other than GDP, that have an effect on the quan-
tity of MSW generated. These variables are urbanization
processes, household size, household income, and years
spent in education, which differ in the three scenarios.
To estimate the influence of these variables on the pro-
duction of MSW in the CR and MI scenarios (in com-
parison to the BAU scenario), the following approach
was used:
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Mi = MGDP,i X (ﬂi X bl‘ X ¢ X dl‘>, (4')

where

e M;is the flux of MSW in scenario i (kg:person™" day ).

e Mcgpp; is the flux of MSW in scenario i calculated as
a function of GDP in scenario .

e a; is the parameter considering the relation
between the amount of people living in the urban
area and that in the rural area of MRS in scenario i,
in comparison to scenario BAU (urbanization
process).

e b, is the parameter considering the change of
household size between scenario i and BAU.

e ¢; is the parameter considering the change of
household income between scenario i and BAU.

e d; is the parameter considering the change of years
of schooling between scenario i and BAU.

The Mgpp to be used in Equation 4 is calculated as
follows:

Mgpp,; = 0.0294 x GDPY3% + 2.6473 x 107>
x GDP; — 0.1908, (5)

where GDP again is the gross domestic product in sce-
nario i.

e Urbanization processes (factor ;): in several
studies [28-30], a positive correlation between the
degree of urbanization and waste generation was
found, whereas more densely populated areas
(urban areas) are producing more waste per capita
than rural areas and that MSW production in
cities can be twice as high as that in rural areas.
The degree of urbanization also affects indirectly
waste generation due to a change in consumption
patterns. For this study, it was assumed that a
doubling of the share of people living in urban areas
(compared to the BAU scenario) would lead to an
increase in the production of MSW per capita
by 30%.

e Household size: larger households produce less
waste per capita than smaller ones [28,30-33]. It is
assumed that a doubling in the household size
(compared to the BAU scenario) would lead to a
decrease in the production of MSW per capita
by 60%.

e Household income: more affluent households are
more likely to produce larger quantities of waste
than the less affluent ones [28-31,33-36].
Additionally, income and MSW production are
linked to some extent, but at a certain level of
income, they become delinked. The turning point
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occurs at very high levels of value added per capita
[33]. It is assumed that a doubling in household
income (compared to the BAU scenario) would lead
to an increase of 80% in the production of MSW
per capita.

e Years spent in education: households with only
primary education produce more waste than those
belonging to professional levels [33]. However, not
much research has been conducted in this area. For
this reason, it was assumed that a doubling in the
years spent in education (compared to the BAU
scenario) would decrease MSW production per
capita by 20%.

For the calculation of parameters a; to d;, (named as
g:), a linear correlation was used:

g = 100% +AgBAU7i x CF s (6)

where

e g, are the parameters a to d, for scenario .

o Agpau.; is the variation between the BAU scenario
and scenario i, for parameters g

e CF, is the correction factor for parameters g

Table 2 summarizes the results of Equation 6 for each
parameter a to d. The correction factor (CF) is directly
taken from the overall framework scenarios, developed
by the Risk Habitat Megacity Project [18].

Selection of MSW management technologies for the
different scenarios

Each scenario is defined by storylines and specific frame-
work conditions. Based on these, it was possible to de-
velop a general waste mass flow defining the different
waste treatment options to be applied in each scenario;
however, for each of these treatment options, different
technologies exist.

The choice of which technology can be applied de-
pends on the specific scenario because each technology
was evaluated and compared by means of variables, in-
cluding technical, environmental, and economic aspects,
but the weight importance given to each aspect differs in
each scenario, as shown in Table 3.

Variables used in the evaluation include:

1. Technical aspects

(a) Quantity of residual waste sent to landfill after
treatment

(b) Quantity of compost produced

(c) Quantity of metals recovered

(d) Quantity of energy recovered
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Table 2 Correction factors as used in the determination of waste generation for alternative scenarios (own

elaboration)

“ Collective Responsibilitfg Market Individualism Collective Responsibility Market Individualism
(%) (%) (%) (%) (%)
Urban population change +30 -82 2.5 97.5 100.7
Household size -60 6.7 —6.7 96.0 104.0
Household income (2030) +80 24 -36 98.1 97.1
Years of schooling -20 34 -34 99.3 100.7

2. Environmental aspects

(a) Net greenhouse gases emitted related to the
facility

3. Economic aspects

(a) Capital costs
(b) Gross production costs
(c) Revenues

Characteristics of a modern plant were used to de-
scribe each technology, which included composting vs.
anaerobic digestion for biological treatment and four
technologies for energy recovery:

1. Incineration plant exporting electricity
2. Mechanical biological treatment plant, where metals
were separated and the remaining waste was:

(a) Sorted into a biogenic component to be
anaerobically digested and a fraction which is sent
to landfills

(b) Biodried to produce a refuse-derived fuel (RDF)
which is co-combusted in cement kilns

(c) Sorted into an organic component to be
anaerobically digested and a fraction which is
used to produce a RDF which is co-combusted in
cement kilns

The final decision for selecting particular technologies
in BAU, CR, and MI was a result of workshops, where
scientists and stakeholders came together in Chile. This
allowed creating plausible scenarios for the Chilean
reality, avoiding only the transfer of technologies from

Table 3 Weight assigned to decision aspects used in the
technology selection (own elaboration)

Economic Technical Environmental
BAU 3 2 1
CR 2 1 3
MI 3 2 1

Europe to Latin America. In addition, during these work-
shops, it was also discussed which amount of MSW
should be assigned to each of the technologies in 2030.

Calculation of energy production from MSW

In all the scenarios, it is assumed that landfill gas is col-
lected and used for power generation; therefore, the
equations used for the calculations are shown. The time-
dependent production of landfill gas was calculated by
the following formulas:

G: = Grota % (k x €)X Miandsilled (7)
Grotal = 1.868 X Corg X (0.014T + 0.28) 8)
where

e G, is the landfill gas production at year ¢ after
deposition (Nm?).

o  Gioral is the total landfill gas production potential
(Nm® Mg aste)-

e kis the generation rate constant (year™").

® (o is the total biodegradable carbon content (kg
carbon Mgy aste)-

e T is the temperature within the landfill (°C).

Equation 8 is the formula of Tabasaran and Rettenberger
[37]. Because of the lack of measurements taken at land-
fills in MRS, the method of [38] was used to calculate the
landfill gas generation rate, resulting in a value for k of
0.022 year ', which means a half-life of about 33 years (for
the calculation, see also [39]). For T, a value of 39°C was
used. corg was calculated on the basis of the composition
of MSW in MRS [40].

Energy production from biogas/landfill gas
The energy generated with biogas and landfill gas was
calculated as follows:

AD
Q*P—B = Vbiogas X xcHa X CVcmg X g X M™, (9)

where
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e Qp.p is the flow of energy generated from biowaste
(M] year’l).

o Viiogas is the volume of biogas/landfill gas produced
(m®).

e Xcha is the volumetric fraction of methane in biogas.

e CVcpa is the calorific value of methane (MJ m™).

e & is the energy (thermal or electrical) generation
efficiency.

o M"P is the flow to anaerobic digestion process (Mg
year™).

The calculations for the landfill gas were based on the
following assumptions:

e Content of CH, in landfill gas x4 (55%)
e Collection efficiency (25%)

e Heating value of CH, (37.8 MJ Nm ™)

e Efficiency of electricity production (30%)

The calculations for the biogas from anaerobic diges-
tion were based on the following assumptions:

Biogas yield (10% to 16%)

Vbiogas (0.38 m> biogas kg organic dry matter 1)
Content of CHy in biogas gas (58%)

Heating value of CHy (37.8 M] Nm ™)

e Net efficiency of electricity production (21%)

Energy production from RDF

RDF is often used as a substitute for conventional fuels
in cement kilns. RDF can also be used in coal-fired
power plants as a substitute for a part of the coal. A hea-
ting value of 14 MJ kg ™" was used for the calculations.

Results and discussion

Waste generation and waste collection

Table 4 shows a summary of MSW generation for the
base situation (2007) as well as for the future scenarios
in 2030. The quantity of MSW produced per capita
increased from 1.2 kg in 2007 to 1.9 kg in the BAU sce-
nario, to 1.8 kg in the CR scenario, and to 2.0 kg in the
MI scenario. Total waste production increases from 2.9

Table 4 MSW management data for 2007 and the
different scenarios (adapted from [18] and own
elaboration)

Population MSW flow MSW flux
(million) (million Mg) (kg person™"
day ™)
Base situation (2007) 6.7 29 12
Business as Usual 80 56 1.9
Collective Responsibility 7.6 49 1.8
Market Individualism 83 6.1 20
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million Mg in 2007 to 8.0 million Mg (BAU), to 7.6 mil-
lion Mg (CR), and to 8.3 million Mg (MI).

Figures 3, 4, and 5 show the mass flow diagram for the
BAU, CR, and MI scenarios, respectively. In the BAU
scenario, a fraction of about 70% of MSW is deposited
in landfills, whereas the rest is diverted for the recovery
of materials and energy. Anaerobic digestion was the
selected technology for the treatment of the organic
fraction of the waste. In the CR scenario, a fraction of
40% is sent to landfills without previous treatment, and
the remainder is used for energy and material recovery.
In this scenario, anaerobic digestion was also selected
for the treatment of the biowaste. Additionally, MBT
with anaerobic digestion and RDF production was used
to pre-treat the waste arriving at the landfills. In the MI
scenario, a total fraction of 80% is sent directly to land-
fills and only 20% is used for recovery.

Energy recovery

In 2010, electricity demand in MRS was about 17 TWh,
while electricity generation in MRS was only about 25%
of this value; therefore, 75% had to be ‘imported’ via the
electricity grid [14]. About 50% of electricity generation
in MRS comes from hydropower plants. Due to climate
change, it is expected that temperatures will increase,
while rainfall rates will decrease, resulting in a decrease
of the stream flow in the rivers and therefore possibly in
a decrease of electricity production from hydropower
plants. Moreover, it is expected that energy demand will
rise due to rise of population and standards of living. In
this section, it is shown how different fractions of MSW
and landfill gas might contribute to the energy supply in
MRS in the future scenarios.

In the BAU scenario, energy recovery from MSW is
achieved by the installation of anaerobic digestion plants
to produce biogas. In addition, landfill gas at the three
existing landfills is collected and used for electricity
generation.

In the CR scenario, in addition to the installation of
anaerobic digestion plants to produce biogas, it was con-
sidered that the biological treatment process of the MBT
plants consists also anaerobic treatment. Many of these
plants have even been built [41,42], and they are gaining
importance in countries where there is still disapproval
against incineration but where there is interest in in-
creasing the fraction of the amount of energy produced
from waste [41].

In the MI scenario, there is a lack of incentives
promoting alternative waste treatment technologies;
therefore, only mechanical sorting processes are imple-
mented. In this scenario, there are no new technologies
for the recovery of energy from waste, and only landfill
gas is used as a renewable energy source.
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Figure 3 Municipal solid waste mass flow diagram - BAU scenario year 2030 (own elaboration).
J

Table 5 gives an overview of energy production within
the different scenarios. Total electricity consumption
in MRS was about 17 TWh. Therefore, the energy gen-
eration from MSW is only of minor importance (about
6% compared to electricity consumption in the same
year). On the other side, taking into consideration
only the amount of energy produced in MRS (25%
of total energy consumption, which means 4.25 TWh),

Table 5 Energy recovery from waste (own elaboration)

energy generation from MSW might contribute with
nearly 25%.

Worldwide, there is a general agreement that global
climate change is, to a large extent, caused by anthropo-
genic CO, emissions. It is necessary to reduce the CO,
footprint of human activities. Therefore, even though
the contribution to total energy consumption is rela-
tively low in the three scenarios, it is important to

Biogas/landfill gas
collected
(million Nm? year™)

Net energy
production

(GWh year™)

Alternative fuel (RDF)
production
(thousand Mg)

Thermal recovery (substitution of
conventional fuels)
(GWh year™)

BAU CR Mi BAU CR MI BAU CR Mi BAU CR Mi
Anaerobic digestion 47 65 - 63 88 - - - - - - -
Anaerobic digestion in MBT plants - 37 - - 44 - - - - - - -
RDF from MBT - - - - - - - 265 - - 1,057 -
Landfill gas collected (2030) 440 377 489 890 763 989 - - - - -
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Figure 4 Municipal solid waste mass flow diagram - CR scenario year 2030 (own elaboration).

consider that landfill gas will form in any case; therefore,
it does make sense to use it as a renewable source of en-
ergy, instead of releasing it into the atmosphere. The lat-
ter would increase the emissions of greenhouse gases
due to the CHy produced being 21 times more potent
than CO,. On the other side, the production of RDF and

contribute to about 25% to total energy consumption for
cement production in MRS (for the year 2007).

Evaluation of MSW management with respect to
sustainability
The management of MSW in MRS in the different sce-

its use as a secondary fuel in cement kilns might narios was evaluated on the basis of different
Table 6 Most relevant sustainability indicators for the different scenarios (own elaboration)

Indicator 2007 Target BAU CR M
Waste fraction recovered as material or energy (%) 13.9 36 31 43 20
Income level of informal workers in relation to individual household income (%) 76 100 113 154 -
Amount of mixed waste pre-treated to reduce biodegradable content in relation to total mixed waste (%) 0 50 0 19 0
Greenhouse gases emitted during waste management (kgCOseq person”' year™) 143 71 235 153 296
Costs of MSW management in relation to GDP (%) 022 0.30 0.16 017 016
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sustainability indicators and on their associated target
values, as explained in the ‘Sustainability evaluation’ sec-
tion (see Table 6). These target values represent a com-
monly agreed goal, which should be achieved in the
future in order to fulfill the principles of sustainability.
Indicators and target values were defined together with
Chilean investigators, consultants, and government
experts during several workshops within this study.

The improvement shown in the BAU scenario for the
amount of waste recovered (31%) is attributed to the in-
stallation of mechanical sorting plants and segregated
collection of biodegradable waste and recyclables
through organized primary waste collectors, in addition
to energy recovery from landfill gas and biogas. The
organization of the informal workers is also reflected in
an improvement of their income level.

In the CR scenario, the recovered quantity of MSW
(43%) is higher than the target (36%) because the imple-
mented measures are based on several different col-
lection and treatment systems: segregated collection
of biodegradable waste, inclusion of primary collectors
into collection systems, participation of citizens in drop-
off systems, and recovery of the energy from MSW
and from landfill gas (Figure 4). Nevertheless, greenhouse
gas emissions are still far away from the target value. This
fact can be mainly attributed to the still large amount of
organics being disposed of at landfill sites.

The MI scenario shows large deficits in almost all the
indicators. It must be noticed that even though this sce-
nario presents the largest processing capacity for the
mechanical sorting plants, the recovery value in this sce-
nario is the lowest. One of the goals of MSW manage-
ment should be the conservation of resources [16],
which in general is more related with the recovery of
materials (mechanical sorting plants in this case), but of
equal importance should be energy recovery from waste.
However, the intrinsic characteristics of this scenario
[18] did not allow the implementation of these tech-
niques because all environmental measures are moved
by private markets and there are no laws forcing the
implementation of energy recovery. Neither the informal
waste pickers is included into the management system.
Therefore, they were not able to improve their working
capacity and working conditions.

In the three scenarios, there is still a large fraction of
mixed MSW disposed of at landfills. This is related with
high emissions of greenhouse gases due to the decom-
position of the biogenic fraction. The emissions of
greenhouse gases contribute to climate change. Energy
recovery from the biogenic fraction of the MSW might
contribute to mitigate this phenomenon because the
CO, emitted from the thermal conversion of this frac-
tion is neutral for the climate. Additionally, it contri-
butes to the conservation of resources by substitution of
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other combustibles. If the landfill gas is not used to pro-
duce electricity, but only collected and flared, the GHG
emissions in per capita terms increases by 13%, 17%, and
11% in the BAU, CR, and MI scenarios, respectively.
Therefore, the substitution of fossil fuels by landfill gas in
electricity generation plays a significant role in the reduc-
tion of GHG emiission, in particular in the CR scenario.

The results also imply that the informal waste pickers
should be integrated in separate collection of recyclables
(BAU and CR scenarios). For biodegradable waste, a
good treatment option is anaerobic digestion with
utilization of the biogas produced (BAU and CR scenar-
ios) for energy generation.

In the three scenarios, incineration of MSW was not
taken into consideration because during debates with
Chilean experts, it was concluded that this will not be an
option for the next 20 years due to high costs of inciner-
ation (US$110 to US$160 Mg’l) [41] compared with
current costs of waste management in MRS (collection
costs US$26 Mg ™!, landfilling costs US$11 Mg™) [43].

The results of the sustainability evaluation show that
each explorative scenario presents deficits; even in the
CR scenario, not all the targets can be reached. It is clear
that the integration of other factors is still required in
order to improve the sustainability of the MSW manage-
ment system. Technology is only one part of the whole
structure. A sustainable system requires the incorporation
of government policy and regulations, responsible con-
sumption patterns, and adequate cost calculations and
education, in addition to technological developments.

Moreover, it is necessary to take advantage of the sub-
systems already working within the whole system. Two
important examples in this case are the integration of
the informal waste pickers, which already have an effect-
ive network in MRS, and the use of landfill gas as a re-
newable energy source for energy generation.

The three scenarios did not look to identify a best so-
lution but investigated possible futures in MRS. The
results should help decision makers to visualize how the
future might look like and take appropriate measures in
time. The authorities of MRS should start now to plan
and construct the appropriate MSW treatment plants
and start to implement the respective measures for the
MSW management that they want to achieve in 2030.
The model presented here could also be used, with the
respective adaptations, in other Latin American megaci-
ties in order to determine the adequacy of the MSW
management there.

Conclusions

In this study, two key tools were used in order to evalu-
ate the sustainability of different MSW management sys-
tems and to describe its development in the next 20 years.
On the first place, the ISHC was used as a tool to evaluate
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the sustainability of the MSW management of Santiago de
Chile in the future. This concept, which has also been ap-
plied to other fields of application within the Risk Habitat
Megacity Project (such as water management and energy
demand and supply), proved to be adequate because it pro-
vides a methodology to select indicators, determine their
current (and future) value, and define desirable target
values, and by comparison of both (actual vs. desired), it
was possible to evaluate the actual MSW system as well as
future MSW management options with respect to whether
there will be an increase in sustainability or not.

On the other hand, in order to define how the MSW
management of Santiago de Chile will look like in the fu-
ture, the scenario technique was used. Explorative scenar-
ios were developed, giving an insight about which
probable MSW management trends will follow in accord-
ance with possible political, economical, and environmen-
tal decisions taken today.

The BAU scenario was characterized by current trends
and policies. The CR scenario was characterized by stron-
ger emphasis on social values and implementation of
tougher environmental regulations. The MI scenario was
characterized by a materialistic culture, with a strong pri-
vate influence in all political and economic areas. The re-
sults showed that MSW generation increased in total and
in per capita terms in the three scenarios, exceeding the
target value chosen (1.6 kg (person~day)’1). In the CR sce-
nario, a recovery value of 43% was obtained (target value
was 36%) through public-private partnerships (drop-off sys-
tems), private investments (as in the case of sorting plants
at transfer stations), and organizational improvements of
the informal waste sector. In addition, there is a large con-
tribution to sustainability by the recovery of biowaste and
subsequent energy generation from biogas and RDF.

In all three scenarios, landfill sites contribute to me-
thane emissions in MRS and thus have a share in climate
change. The improvement in efficiency of landfill gas
collection systems results in a reduction of these emis-
sions in all three cases. The landfill gas collected is used
as a renewable energy source for electricity generation,
thereby reducing CO, emissions from conventional
power stations fired by fossil fuels.

Even though the share of electricity production by
MSW fractions and biogas in the three scenarios is rela-
tively low, they are accompanied by positive aspects such
as the reduction of methane emissions on one side and
favoring energy supply within the MRS from renewable
energies on the other side. All three scenarios show
some sustainability deficits. Furthermore, the results
obtained show that an integration of several factors is
required in waste management systems. Technology is
only one part of the whole solid waste management
structure, and it cannot solve alone all the associated
problems and avoid its associated negative impacts. A
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more or less sustainable system requires the incorpor-
ation of government policy and regulations, sustainable
consumption patterns, adequate cost calculations, and
education, in addition to technological development.

Endnote
*For more information about the Risk Habitat Mega-
city Project, see http://www.ufz.de/risk-habitat-megacity/.
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